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Local structure and vibrational properties of a-Pu, a-U, and the a-U charge-density wave
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The local atomic environment and vibrational properties of atoms in monoclinicgpphetonium as well as
orthorhombic purex-uranium and its low-temperature charge-density-w@®@W) modulation are examined
by extended x-ray absorption fine structure spectros¢Bp{AFS). Pul,-edge and LL,-edge EXAFS data
measured at low temperatures verify the crystal structuresldfand a-Pu samples previously determined by
x-ray diffraction and neutron scattering. Debye-Waller factors from temperature-dependent EXAFS measure-
ments are fit with a correlated Debye model. The observed Pu-Pu bond correlated Debye temperature of
O.p(a-Pu=162+5 K for the purex-Pu phase agrees with our previous measurement of the correlated Debye
temperature of the gallium-containing -Pu phase in a mixed phase 1.9 at. % Ga-dopéetu/5-Pu alloy.
The temperature dependence of the U-U nearest neighbor Debye-Waller factor exhibits a sharp discontinuity in
slope neaifcpw=43 K, the transition temperature at which the charge-density W@&V) in a-U condenses
from a soft phonon mode along tli&00) direction. Our measurement of the CDW using EXAFS is the first
observation of the structure of the CDW in polycrystallid). The different temperature dependence of the
Debye-Waller factor foflT <Tcpyw can be modeled by the change in bond length distributions resulting from
condensation of the charge density wave. Hor Tcpy, the observed correlated Debye temperature of
O.p(a-U)=199+3 K is in good agreement with other measurements of the Debye temperature for polycrys-
talline a-U. CDW structural models fit to the-U EXAFS data support a squared CDW at the lowest
temperatures, with a displacement amplitude:s0.05+0.02 A.
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I. INTRODUCTION The a-Pu phase exists as the stable form of Pu to tem-
peratures above room temperat(fe,_. ;=398 K), but alloy-

The actinides U and Pu are unusual metals because thayg gallium (up to 9 at. % Gaor other dopants with Pu
adopt low-symmetry structures for their lowest-temperaturestabilizes the fca-Pu phase at room temperat@nélhile the
crystallographic phases. ThePu phase is monoclinic, with 5f electrons are delocalized and participate in bonding in
eight inequivalent sites and an inversion plane in its unita-Pu, these electrons become localized in thBu phase,
cell,r while thea-U phase is orthorhombic with two atoms in allowing rearrangement of the Pu atoms in a higher symme-
the unit cell? Séderlindet al. provide an explanation of the try structure?
lower-symmetry crystal structures of the light actinides Figure 2 details the structure of the orthorhombic unit cell
within a unified picture which can be applied to all metal of a-U, as previously determined from x-ray diffractién.
crystal structured.In this picture, the energy gain due to a  The a-U phase has an unusual phase transitiol gy
crystal-structurgPeierls distortion is compared to the op- =43 K, which is attributed to a charge density wad@DW).
posing energy gain resulting from the electrostatic Madelung'he detailed structure of the CDW has been the object of a
energy, which stabilizes high-symmetry structures. In thenumber of detailed neutron scattering and x-ray diffraction
light actinides, the narrowness of thé &lectron bandwidth (XRD) experiments on single-crystal-U.2"14 The results
results in a greater energy gain for the crystal-structuref these experiments are compiled in a review by Lareter
(Peierlg distortion, and in a low-symmetry crystal structure. al.!® The CDW is interpreted as the condensation of a pho-
The a-U and a-Pu phases are the ground-state, low-non mode along thél 0 0 direction, whose frequency drops
temperature phases of these actinitieand understanding dramatically at low temperaturesoftening. This is the
the local structure and bond vibrational propertiesae) ~ same direction as the straight linear chain of bonds in the
and a-Pu are important from both a fundamental condensedindistorted structure. In the initial studies by Smithal.2
matter physics and applied metallurgy standpoint. the wave vectoq of the CDW displacement was believed to

Figure 1 details the structure of the monoclinic unit cell of be commensurate with the crystal lattice, and was thought to
a-Pu, as previously determined from x-ray diffraction. cause a doubling of the unit cell along thE00) direction,
Within each atomic sheet perpendicular to 040 direc- i.e.,q,=1/2.Figure 2 depicts this simplified CDW structure.
tion, the spacing of the atoms in the unit cell is distortedThe U-U bonds in th€100) linear chain are modulated by a
from a regular pattern, resulting in a distribution of bondlongitudinal wave, with the amplitude of the displacement
lengths. wave £ predominantly along th€100) direction.
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=5.870 A c=4.956 A (from Ref. 2. The unmodified unit cell is
shown. Black arrows indicate the directions of atomic displace-
FIG. 1. Unit cell of monoclinic a-Pu. a=6.183 Ap ments for the charge density wat@DW), which doubles the unit
=4.822 Ac=10.963 A, andB=101.79 deg(from Ref. ). There  Cell along the(100 direction.e is the atomic displacement of the

are 8 inequivalent Pu atomic sites in the unit ¢& atoms totg) ~ CDW along(100), and its magnitude in the figure is much larger
and the(010) plane is an inversion plane. than the actual value. The bond lengths along the displacements are

shortened and lengthened to 2.8¥R, whereAR=2e.

Z FIG. 2. Atomic structure of orthorhombia-U. a=2.854 A b
K

Later studies by Marmeggét al. and other¥1* which ) )
sampled more of the reciprocal lattice space indicated a confitructurel’ From a practical standpoint, bot+U and a-Pu
mensurateq in all three directions only at temperaturgs ~are difficult to prepare in macroscopic single-crystal form.
below the lock-in temperatur&yq.in=22 K. For tempera- EXAFS is attractive as a tec_hnlque fo_r these _materlals since
tures 22 K<T<37 K,q, and g, become incommensurate, |0ng-range order is not required for high-quality EXAFS re-
while g, stays commensurate gi=1/2. Fortemperatures sults. In addition, we use EXAFS to track the vibrational
37 K<T<43 K, all three components af are incommen-  Properties of individual bpnds in the material as a function of
surate with the crystal lattice. As for the amplitude of theteémperature. Bonds of different lengths that can be resolved
displacement waves, the predominant component still is in the Fourier transforniFT) of the high-resolution EXAFS
along (100), with £,=0.027+0.001 A. The resulting CDW data can be monitored independently versus temperature. In
structure looks like a frozen “optical” displacement wavethis paper we report the results of high-resolution EXAFS
along the(100 direction, with the maximum amplitude of measurements oa-Pu anda-U samples, and the results of
the wave also depending on tlyeand z coordinates of the fits of structural models to the EXAFS data, from which
atoms in the CDW-expanded unit cell. In addition, diffrac- detailed short-range structural and bond vibrational informa-
tion experiments have detected higher-order satellites of thion about these two phases is determined. This information
CDW diffraction peaks with only odd-integer indices. This about the local structural environment is complementary to
suggests a “squaring” of the CDW displacement wave rathelong-range structural information determined from previous
than a sine wave distribution of displacements, although &RD and neutron diffraction measurements on these
“phase slipped” sine wave model is an alternative mégi#l.  systems:27-14To our knowledge there are no previous de-
At temperatures abovE:pw=43 K, the CDW frequency be- tailed EXAFS experiments on the structure U and the
comes nonzero in time, resulting in the low-frequency phodow-temperature CDW modulation in the literature. Using
non wave with wave vectog=(0.5,0,0. Manley et all®  EXAFS to investigate the bond lengths and detailed short-
modeled the temperature dependence of the phonon freéange structure ot-U will help clarify the nature of the
guency softening with various vibrational potentials, andCDW dislocation wave. In particular, our measurement of
achieved the best fit with a harmonic potential. The softeninghe CDW using EXAFS is the first observation of the struc-
is due to the force constants being temperature dependeitre of the CDW in polycrystallinex-U. Earlier measure-
rather than due to anharmonic potentials. ments using XRD or neutron scattering require carefully pre-

Extended x-ray absorption fine structugXAFS) is an  pared single-crystal samplé$:!* Heat capacity (Cp)
excellent technique for determining short-range local atomieneasurements of the CDW in polycrystalliaeJ have been
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made!®1% While the T=43 K structural transition is ob- Il. EXPERIMENTAL DETAILS
served in polycrystalline samples, the 22 K transition is only

observed as a very slight feature in Bgvs T curve, and the

37 K transition has not been observed. All three transitions, All samples were prepared at Lawrence Livermore Na-

are clearly observed in heat capacity measurements of singlggggal LabtozatorﬁLtNlto)[ l‘jSi][‘g bulkcgl?[uhfrorfn da b|attd;| OlfJ
u metal, and bulka-U from a batch of deplete

crystal and “pseudo’-single-crystak-U samples®-2! In 23 . .
polycrystalline samples, the anisotropic thermal expansion of1OSty *U) metal. Bulk metal pieces were thinned to
eacha-U grain is restrained by intergrain forces due to the.Nl.4 pm In a Series of sawing, lapping, anq mech_anlcal pol-
orientation mismatch between adjacent grains. This restrai hing steps, n o_rder to achieve the desired thlckne§s _for
reduces the effects of the CDW on thermal expansion, spe-XAFS transmission measurements. Lastly, electropolishing

o . reduced the final foil thickness to 8-10m, and also re-
cific heat, and electronic transport measurements of poly- Hm

. moved any accumulated oxide material from the surface. All
~ 4,22 _ . . .
crystallinea-U samples:#2The EXAFS measurement aver sample preparation was done in an inert argon atmosphere

ages the local structure over all atoms in the sample, and igioye hox. The samples were encapsulated under argon using
independent of the presence or absence of long-range ordef- specially designed, triple containment x-ray compatible
ing. The CDW-modulated structural contribution inside eacheg|, as described elsewhéf&The samples remained in this
grain will contribute constructively to the overall EXAFS containment cell during shipment to and from Stanford Syn-
signal for polycrystallinex-U. The grain size of our sample chrotron Radiation LaboratorySSRL) and throughout the
sets an upper limit on the coherence length required to fornEXAFS experiment. Thex-U sample contains a few wib
the CDW ina-U. Additionally, by measuring the U-U bond UO,, as verified by Cu i x-ray diffraction(XRD) measure-
length distributions with EXAFS, the amplitude of the CDW ments in air performed at LLNL several months after the
and the extent of its “squaring” can be investigated further. EXAFS experiment. Only thex-U and UQ, phases were

In the case of Pu, while several groups studied ddéu  observed using XRD, and the few Wb UO, was most
with EXAFS23-27 and recently Wonget al. mapped out the likely formed due to surface oxidation in air after the sample
phonon density of states for a Ga-dop&#u alloy?8 there ~ was removed from triple containment. TlaePu sample is
are only two EXAFS studies related i@-Pu. Espinosaet also expected to have phase purity and oxide concentration
al.2 determined the local structure @fPu in zone-refined, Similar to thea-U sample, since ther phase is the room-
32-year-old aged, and Ce-dopedPu samples at a fixed temperature phase of pure Pu. The triple-contained sample
temperature, and observed changes in the disorder of the fir&aS mounted in an open cycle liquid helium flow cryostat for
Pu-Pu coordination shell with doping and aging. In thevariable temperature EXAFS measurements. Temperature

present work we extend the-Pu structure determination to méasurement errors are withivl K, and are stable to
higher spatial resolutiofionger EXAFSk-range and exam-  Within ~0.2 K. EXAFS measurements begai20 days after
ine the temperature dependence of the EXAFS. The resulf¥€Paration and encapsulation of the samples at LLNL.
are compared to our group’s previous study of a mixed phase

1.9 at.% Ga-doped alloy? in which the local structure and B. EXAFS data acquisition

correlated Debye temperatures of the Ga-containriidPu

and 5-Pu phases were separated in the fits to the temperatur%—e

dependent EXAFS. The'-Pu phase consists of Ga atoms 4-1 under normal ring operating conditions using 420,

“trapped” in a metastable-Pu structure. In this earlier study, 3 ) A
the a'-Pu phase formed in platelets through martensitichalf tuned, double-crystal monochromator operating in the

transformation upon quenching to 148 K, and amounted tunfocused mode. The vertical slit height inside the x-ray

30 Wt.% of the sample. compared to the purePU sample Rutch was set at 0.5 mm for both thePu and thea-U
exavrzingd here Pie, P P u P samples. The horizontal slit widths were 0.85 mm and 0.75

Th i f th . foll In Sect. Il mm for the a-Pu anda-U samples, respectively, which is
di € ct)rt: 'geto.l ]? papeir IS as Ot' OWS. dnEX,(Z(I::.S W€ smaller than the diameter of the sampl28 mm). Pu and U
ISCUSS the detalls of sampie preparation an eXpert,,,—edge spectra were measured in the transmission mode

mental setup and data analysis. In Sect. Ill we present thﬁ : ' o o
. sing Ar-filled ionization chambers for the incident and
Lyy-edge EXAFS data for-Pu anda-U. These data include ., crired x rays. The x-ray absorption spectra of triple-

e o AT e sopes e oide reerence pouGEBLO, and UO) were
Iower-resolu,tion EXAFS spectra as a function of tempera- easured in the transmission m_ode simultaneously to the
. . - metal samples for energy calibration.
ture. In Sect. lll we also describe the curve-fitting analysis
procedure and results of curve-fitting analysis, as well as the
fits of the correlated Debye model to the temperature depen- Ill. EXAFS RESULTS
dence of the EXAFS Debye-Waller factors. In Sect. IV we
discuss the results in the context of the local atomic structure
and the vibrational properties of bonding in thePu and XAFS raw data treatment, including calibration, normal-
a-U phases, compare the results to earlier Debye temperatuization, and subsequent processing of the EXAFS and
measurements, as well as describe the nature ofathe  XANES (x-ray absorption near-edge structuspectral re-

CDW. Lastly, in Sect. V we present our conclusions. gions was performed by standard methods reviewed

A. Sample preparation

Plutonium and uraniunh,,;-edge x-ray absorption spectra
re collected at SSRL on the wiggler side station beamline

A. Raw data treatment
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TABLE I. Coordination numbersl; and Pu-Pu bond length distributioRsfor each of the eight inequiva-
lent sites in thew-Pu unit cell calculated from the diffraction results of Ref. 1, as well as the site-averaged
values. The first four shells of the fit to the high-resolution EXAFS data are included. Note that bond lengths
also exist in the ranges 4.20 A-4.77 A and 4.88 A-5.42 A, but the bond length distribution is much more
dispersed than in the third and fourth shell ranges specified.

Site N, R;range N, Ry, range N3 R; range N; R4 range

Pul 5 257A276A 7 320A-371A 8 479A-484A 10 5.46A-557A
Pu2 4 260A-264A 10 319A-361A 4 478A-486A 7 542A-557A
Pu3 4 258A-266A 10 324A-365A 6 478A-484A 6 544A-548A
Pu4 4 258A-274A 10 326 A-341A 10 478A-486A 6 542A-549A
Pu5 4 258A-272A 10 324A-351A 7 478A-486A 5 547A-554A
Pu6 4 263A-274A 10 320A-365A 2 482A-482A 6 549A-557A
Pu7 4 257A-279A 10 330A-351A 5 478A-486A 9 544A-557A
Pus 3 276A279A 13 319A-371A 4 480A-482A 7 547A-557A
Average 4 257A-279A 10 319A-371A 575 478A-487A 7 542A-557A

elsewheré32 using the EXAFSPAK suite of programs de- were transformed over larange ofk e [2.4 A™1,21.3 A1,
veloped by George of SSRL. Typically, at each temperatureesulting in a real-space resolution ©0.09 A. The break-
two Pu or U transmission XAFS scans were collected fromdown of the FT of thex-Pu low-temperature fit into subshell
each sample and the results were averaged. The energiesasfmponents also is shown in Figtb3. The measured bond
the first inflection points for the oxide reference powder ablengths of the EXAFS FT peaks are consistent with the av-
sorption edgesE,, were calibrated to 18 053.1 efPuL,,) erage bond lengths of the distributions in each shell of the
and 17 166.0 eMU Ly,), and the energies of the simulta- @-Pu structure listed in Table I. _

neously measured sample spectra were shifted accordingly. At this resolution, the splitting of the first and second
The EXAFS amplitudes were normalized relative to theN€ighbor shells into shorter and longer bond lengths is ob-
smoothly varying absorption backgroung(E). The back- served(Fig. 3(b)). Since the bond Ieng@h dlstr|bl.Jt|on. is over -
ground optimization codeuToBk® was used to fitu(E) a range of values averaged over all eight Pu sites in the unit

. ) . : — . cell, the total of the subshell coordination numbers was fixed
using a piecewise spline that minimizes the spectral welgh?

. 0 be equal to the site-averaged coordination number for the
of the EXAFS real-space Fourier transfor(RT) below ..o s%ell i.e.N;=N, +Nlb:g4 andN,=N,,+N,,=10, but
Rokg<1.9 A. ' 2 3 |

N;, andN,, were varied. In addition, the Debye-Waller fac-
tors of the two subshells were linked to be equal to one
another, i.e.o3,= 0%, and o5,= a5, The best fit to the data
results in the first two subshells splitting equalN;,=Nyj,

1. a-Pu =2.00£0.05, with a bond-length splitting oR;,—R;,

. i =0.098+0.002 A. The second shell bond length is weighted
Nonlinear least squares curve fitting was performed on th%lightly more toward longer bond lengthdly =5.5>4.5

k3-weighted data using the EXAFSPAK program OPT. The-_ N,., with a larger splitting ofRy,—R,,=0.153+0.002 A.
oretical phase and amplitude functions were calculated fromMe coordination numbers of the third and fourth shells were
the program FEFF8.1 developed by _Rehal.34’35AII ofthe  fixed to their site-averaged values of 5.75 and 7.0, respec-
Pu-Pu interactions were modeled using single scatt¢8& tively. By comparing the total FT magnitude of the data to
paths whose lengths were derived from the monockreu  the magnitudes of the subshell components, it is seen that the
model structure determined from x-ray diffraction, with .10 A splitting between the first shell components results in
=6.183 Ap=4.822 Ac=10.963 A, and B=101.79 de§  |argely destructive interference, while the 0.15 A splitting
Table | lists the bond length distributions of the first four between the second shell components results in most]y con-
shells for each of the eight inequivalent sites in @#u  stryctive interference. The destructive interference in the first
structure, as determined by XRD, as well as the siteshell is not seen in the-Pu EXAFS FT of the earlien-Pu
averaged distributions used in the fit to thePu EXAFS. EXAFS Study%g This is because a shorter EXAF[Srange

The amplitude reduction factd® was fixed at a value of ke[3.4 A™1,12.8 A1]is used in the earlier study, resulting
0.55 for Pu, as determined from our previous EXAFS meain worsened spatial resolution of the EXAFS FT. QuPu
surements of 19a% and 3.3at% Ga-doped Pu EXAFS data transformed over a similarrange to Ref. 29

samples®*° The energy shifdE, was first varied for each results in a similar FT, with more constructive interference in
of the spectra in the-Pu dataset, and theXE, was fixed at  the first shell FT peak.

the average value of —18.3 eV for all spectra in the final fit.

Figure 3a) displays the Pu_,-edge EXAFS data and 2. a-U
best fit, while Fig. 8o) displays their FT's, for then-Pu The U-U interactions were modeled using the structure of
sample, measured at temperat(re10 K. These EXAFS orthorhombic «-U determined from XRD, with a

B. High-resolution EXAFS data and fitting results
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(@) TABLE Il. Coordination number#\; and U-U bond length&,,

10 __ a-Pu o and bond direction cosine§/R; along thea direction for the single
T=10K ° crystallographic site in the-U unit cell calculated from the diffrac-
tion results of Ref. 2. The first six shells are included, correspond-
ing to the shells used in the high-resolution EXAFS fits. Asterisks

%; mark paths for which the path direction cosine alongaltirection
= X/R;=0.5, i.e. paths pointing mostly in the direction of t{&00)
E soft phonon and charge density wave.
[75]
g Coordination Bond Projection along
W Shelli NumberN; lengthR, (100 X;/R
=
g la 2 2.73 0.00
'g 1b 2 2.84 1.00
O 2a 4 3.26 0.44
2b 4 3.34 0.43
| ) 3 4 3.95 0.72
4 da 2 4.94 0.00
104 H 4b 4 5.01 0.28
B 01000 LA L L L ) L i b s s 4c 4 5.17 0.82
4 6 8 10 12 14 16 18 20 4d 4 5.22 0.82
k(A7) 4e 2 5.28 0.00
(b) 5a 2 5.67 1.00
5b 4 5.69 0.50
6a 2 5.87 0.00
6b 8 5.91 0.24
6c 4 6.00 0.47

=2.854 Ap=5.870 Ac=4.956 A2 and includes only SS
paths, with the exception of the collinear multiple-scattering
2 @258 A (MS) path along(100) with lengthR=2a=5.67 A. Table II
. 2@268A |l 45@327A lists all of the FEFF paths used for the fit of the unmodulated
7 55@3.42A a-U structure to the EXAFS data, along with their coordina-
tion number and direction cosine aloi$00). The energy
shift AEy was first varied for each of the spectra in tadJ
dataset, and theAE, was fixed at the average value of
+4.7 eV for all spectra in the final fi§,? for a-U also was
varied in a preliminary run and then fixed at the average
value of 0.9 for the final fits.
Figure 4a) displays the corresponding W,-edge
: EXAFS data and best fit for the-U sample, while Fig. &)
b Aol ea S DP displays their FT’s, measured at temperaflireb5 K. These
0' 1' ; :',, 4" é é EXAFS were transformed over ak range of k
R+A(A) e[2.7 A1,20.5 A1], resulting in a real-space resolution
similar to that of the FT of thex-Pu data(~0.09 A). The
FIG. 3. () PuL-edgek3-weighted transmission EXAFS data breakdown of the FT of thex-U low-temperature fit into
(point9 and best fit(solid line) for a-Pu atT=10 K. Note that the  subshell components is also shown in Fi¢b)4 For data at
disagreement between the data and the fk apace mostly is due both T=11 K andT=55 K, neighboring atomic shell contri-
to contributions to the data from longer pair distances than wergyutions out toR=6.0 A are included in the fit, and the dis-
included in the fit, i.e., shells with pair distancBs-6.0 A. (This  tances and Debye-Waller factors of each shell are allowed to
same situation exists in Figs(a4 and a).) (b) Fourier transforms  yary, TheR;,=2.73 A bond is assigned a coordination num-
(FT’s) of the PuL,;; EXAFS data(pointsg and best fi{solid line) for ber of N;,=2, while the shells at 3.28 A, 3.93 A, 4.99 A,
the a-Pu '_sample aT=10 K. High-resolution FT's were taken over 5.21 A, and 5.99 A have coordination numbeis=8 N,
the k3-yve|ghted EXAFS over Fhek rangek e [2.7 A1213 /3\_1]. =4 N,,=6,N, =10, andNg,=10, respectively, in order to
The six components of the fit also are displayed. The first anq,epresent then-U structure of Table II. The coordination

second shells of-Pu each are split into two subshells. Note the |\ b o the shell aR.,=5.64 A is allowed to vary, be-

destructive interference in the first shell and the constructive inter- . . . . .
ference in the second shell of the EXAFS data. cause this shell also includes multiple scattering contribu-

tions, since it is twice the 2.84 A bond length along (hé0)

575@ 478 A

Fourier Transform Magnitude

S s
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FIG. 4. (a) U L,,-edgek®-weighted transmission EXAFS data
(points and best fifsolid line) for a-U at T=55 K. The fit includes
all shells with pair distances less thR+6.0 A. (b) U L, EXAFS
FT data(point9, fit (solid line), and fit components for the-U
sample atT=55 K. High-resolution FT's were taken over the
k3-weighted EXAFS over thé& rangek e [2.7 A™1,20.5 A™14].
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Rip—R1,=0.11 A andR,,—R,,=0.08 A, respectively. The
first and second shell bond lengths in unmodulated each

are evenly split between two well-defined bond lengths, and
the bond length distribution is the same for every U atom in
the unit cell, unlike the case ef-Pu. With this well-defined
structure and the high resolutigr-0.09 A) of the data, one
would expect to resolve the splittings in the first and second
shell in the low-temperature EXAFS FT for an unmodulated
a-U structure, or at least see destructive interference effects
as in the case of the first shell splitting @fPu. Contrary to
this expectation, the first two shells each have a strong single
peak in thea-U FT, even at the highest resolution, rather
than the interference between subshells resolved in the case
of a-Pu. The lack of a first shell splitting can be attributed to
the lack of anR=2.85 A component in the EXAFS at and
aboveT=55 K. As seen in Table Il, thR=2.85 A bonds are
directed along th€100 direction, parallel to the direction of
the “optical” displacement of U atoms in thg=(0.5,0,0

soft phonon observed ia-U. This phonon has a significant
amplitude and low frequency even at temperaturesT of
=55 K, so we expect that the Debye-Waller factor for these
R=2.85 A bonds is increased dramatically due to the anti-
correlated motion of the U-U bond modulated by the popu-
lation of this optical phonon. The two bondsRt 2.85 A are
assumed to have a large enough Debye-Waller factor so that
they have a minimal contribution to the EXAFS FT at and
aboveT=55 K.

The low-temperature CDW-distortedU phase was mod-
eled using the commensurate model of Snattal.? which
includes an “optical” distortion of neighboring atoms and a
doubling of the lattice parametaralong the(100) direction.

The shortest U-U bondshell 1a) are in the(100 plane with
bond lengthR,,=2.73 A. These bonds are not affected by
the CDW. The two nearest neighbor bonds al6h@Q) (shell

1b) have a single bond length &,=2.84 A in the unmodu-
lated structure. This single bond length is dispersed into a
range of bond lengths by the CDW. The maximum amplitude
of the individual atom CDW displacements s which re-
sults in bond lengths ranging from 2.84 AR to 2.84
+AR, where AR=2¢. The distribution of the bond lengths
can be modeled as a square wawae bond at 2.84 AAR

and one bond at 2.84 AAR) or a sine wave, which also has
bond lengths at intermediate values. Although the CDW has
been shown to be incommensurate in terms of its long-range
order, EXAFS is sensitive only to short-range interactions
and bond lengths and not long-range ordering. Therefore the
commensurate model provides a good starting point for the
expected U-U bond lengths in this phase, and the near-
neighbor bond length distributions do not depend on this
long-range structure.

Figure Ja) displays the U_;;;-edge EXAFS data and best
fit for the a-U sample, while Fig. &) displays their high-
resolution FT's, at the lowest measured temperature T

direction. The FT peak positions correspond well to the ex=11 K. As with theT=55 K data, theT=11 K EXAFS data

pected positions of the shells in the unmodifietl structure

were transformed over larange ofk e [2.7 A™1,20.5 A™1].

listed in Table I, with the exception of the first shell, which For theT=11 K fit, two additional components are added to
is shortened to 2.73 A from an expected mixture of tworepresent the CDW-modulated bonds, as described below.

bonds atR=2.73 A and two bonds &&=2.84 A.

Comparing the FT’s of Figs.(#) and 3b), a large in-

As seen from Table Il, the first and second shells shouldrease in the amplitude of the first shell FT peak is seen in

be split in the unmodulated-U geometry, with splittings of

the T=11 K data, while the rest of thE=11 K FT is similar

184113-6
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(a) ] U ] change in the local structure of the first and second shells of
154 T=1K a-U atT=11 K<T¢py relative to the unmodulated structure
: 1 at T=55 K> T¢pw. A CDW modulation of the 2.84 A bond

along (100 can be modeled as a square wave distribution
(one bond at 2.84 AAR and one bond at 2.84 AAR) or as
a sine wave distribution, which has additional bond lengths
at intermediate values. Figurel shows the component
breakdown of the fit to th&=11 K EXAFS FT ofa-U. This
fit is very similar to the fit of theT=55 K data of Fig. 4,
except for the addition of two additional components corre-
sponding to the CDW-shortened and CDW-lengthened bonds
atR=2.73 A andR=2.95 A. In the fit to theT=11 K data,
the coordination numbers of these components were fixed at
Nip,=N;.=1, the distances were constrained to have an aver-
age value of(Ry,+Ry,)/2=2.84 A, and the Debye-Waller
factors were set equal, i.e7,= o7
T . The main difference between the EXAFS above and be-
. low Tcpw=43 K is fit well by the square-wave CDW model.
I [T Asimilar fitat T=11 K replacing the two CDW bond lengths
118 156 17 19 at R=2.84 A+AR by two bonds both at the unmodulated
a-U bond lengthR=2.84 A (i.e., settingAR=0) resulted in
the fit program giving these two bonds a very high Debye-
Waller factor(0.030 A2) with very little contribution to the
EXAFS. Due to poor agreement with the contribution of first
shell to theT=11 K EXAFS data, the unmodulated-U
model structure results in a poorer fit to the data than the
structure modulated by the square-wave CDW. In addition,
the fit to the lower-resolutiof=11 K, 25 K, and 35 K data
is significantly improved by adding the CDW components,
as determined by the degree of improvement in the reduced
1@2.95A X2 of the fits before and after adding the additional compo-
cow nents. The ratio of the reduced needs to be larger than 1
2@273A  |8@328A +2'sqr(2/v), wherev=16.6 is the number of degrees of
6 @499 A freedom for these fits. For the fits @40 K and 45 K, the
10@5.24 A improvement in reduceg? is equal to this significance limit,
+@394A ?é’g;ggﬁ while it is slightly lower than this for higher temperatures.

‘ Comparing the 1R?-weighted bond length distribution of
the unmodulatech-U structure of Ref. 2 and the square-
wave CDW-modulated-U structure of Ref. 8 to the EXAFS
data FT atT=11 K from the «-U sample(not shown, we
L 1 2 2 & 3 find that the amplitude of the first shell FT peak of the data at

R () R=2.73 A is significantly higher than expected for the bond
) o length distribution for unmodulated-U. The agreement is
FIG. 5. (a) U L,,-edgek®-weighted transmission EXAFS data greatly improved when the-U EXAFS data FT is compared

(points and best fifsolid line) for a-U at T=11 K. The fit includes h nd lenath distribution for th DW-m |
all shells with pair distances less th&+6.0 A. (b) Fourier trans- tsct)rfjciu?eo d length distribution for the C odulated)

forms (FT’s) of the UL,;, EXAFS data(points for the a-U sample
at T=11 K, along with the FT’s of the fit¢solid line) to the data. 3. a-U EXAFS temperature series

High-resolution FT's were taken over th&-weighted EXAFS over . . .
thek rangek  [2.7 A™L,20.5 A'1]. The nine components of the fit ~ Figuré 6 shows the temperature series of the high-

also are displayed. The effect of the CDW modulation is modeled€solution UL, -edge EXAFS data FT of the-U sample for
by a square wave distribution with one bond each rt temperatures fromT=10 K to 130 K. Thek range over

=2.84 A+AR whereAR=0.11 A (gray lines. which the FT’s are taken ike[2.7 A™1,20.5 A1]. Unlike

the case ofa-Pu, the overall shape of the FT changes dra-
to the T=55 K data. The large change in the overall line- matically belowT=55 K for a-U. In particular, the magni-
shape of the FT cannot be attributed to normal thermatude of the peaks labeled “A” decrease with temperature
Debye-Waller effects, which would show little change in thewhile the “B” peaks increase until a maximum Bt55 K
Debye-Waller factor over the temperature range frdm and then decrease with temperature. As a result, the first
=11 K to T=55 K. Instead, the dramatic change in tdJ neighbor(Al) peak magnitude is slightly larger than that of
EXAFS over this temperature range can be attributed to #he second neighbo(B2) peak atT=11 K, while at T
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A1l a-U distribution produced by the CDW displacement wave and
B2 the larger thermal vibrational amplitude of the soft phonons
will act to rapidly increase the Debye-Waller factor of bonds
pointing primarily along thé¢100) direction, while bonds ori-
ented more in th€100 plane will be affected less by the
; z ;g ﬁ CDW displacements and soft phonon thermal vibrations. The
— T=55K different thermal behavior of the various shell components of
— T =75K the high-resolution EXAFS FT is evidence of the anisotropy
— T=100K of the a-U CDW and soft phonon.
—T= 130k Determining this anisotropy is dependent upon high-
resolution EXAFS data as well as tracking its detailed ther-
A3 mal dependence over a range of temperature values. The
EXAFS technique can separate the thermal behavior of
A5 bonds in different directions due to the difference in bond
lengths for bonds along different directions in teéJ struc-
ture. This anisotropy is local to each atomdrJ, so it can
be detected by a local probe such as EXAFS, and is not
affected by the relative orientation of crystallites in the
sample. The CDW changes this local structure and therefore
is observable with EXAFS, without needing long-range or-

I UL UL UL UL L der in the sample, as do the diffraction and scattering experi-
0 1 2 3 4 5 6 ments_

R+ A (A)

- N N
[$)] o [$,]

-
o

Fourier Transform Magnifude

B4

[$;]

o

FIG. 6. High-resolution overlay plot of the EXAFS FT'’s of the C. Vibrational analysis
a-U sample as a function of temperature. FT’s are taken ovek the
rangek e [2.7 A™1,20.5 A1], while the temperature range is lim-
ited to a maximum temperature of 130 K. Note that thd)

For botha-Pu ande-U, we fit a local structural model to
all data fromT=10 K to room temperature using a consistent
EXAFS FT has peaks with differing temperature dependencies. Thgttlng procgdure. The range%lused for_}he EXAFS tempera-
peaks have been labeled group “A” and group “B” according toture studies  were [2.7 A ,13.4 A ] for Pu and
their temperature dependence and direction relativel@®), and  [2.7 A, 14.8 A™] for U. Thesek ranges are shortened from
are discussed in the text. the low-temperature fits in order to keep the range consistent
at all temperature values. The usakleange of the EXAFS

=55 K the Al peak is only~60% of the B2 peak. Above is intrinsically shortened by Debye-Waller damping at higher
T=55 K, no further changes in the relative intensities of thetémperatures. This small&rrange results in a reduction of
FT components lineshape occur, and typical Debye-Wallethe resolution of the EXAFS FT iR space. The EXAFS data
damping continues to broaden all of the peaks at a similagre weighted by a factor ¢ for the fits and for plotting the
rate. At T=55 K and above, the overall lineshape is moredata and their FT’s. After determining the Fourier Transform

similar to the 1 R2-weighted bond length distribution for un- (FT) of the EXAFS over the specifiekd range with a step-
modulateda-U (not shown. The variation of thek-space function window, the EXAFS FT was back-transformed over
EXAFS with temperaturénot shown has a similar behavior the bond-length range of interest, iR=[1.3 A,4.1 A] for
to the FT’s. We attribute the anomalous behavior of the EX-a-Pu andRe[1.9 A,4.1 A] for o-U, which corresponds to
AFS at temperatures beloW=55 K to structural changes the first and second atomic shells atPu, and the first
resulting from the CDW-modulated-U phase. through third shells of-U. The fits were made to the back-
The different thermal behavior of the “A” and “B” peaks transformed filtered data.
in the a-U EXAFS FT's of Fig. 6 is related to the directions  We analyzed the high-resolution datasets at low tempera-
of the near-neighbor paths contributing to each peak. Théure first to establish the correct modeling parameters for the
“A” peaks consist of bonds or atom-to-atom paths directedneighboring atomic shells in the thermal analysis. We confine
primarily along thea or (100 direction. From Table 1l, our data to the first two shells in-Pu and the first three
bonds contributing to the A1 and A5 peaks have a directiorshells ina-U by appropriately filtering the data iR space.
cosine along equal toX/R=1 and points entirely along the For a-Pu, the bond distances and the Debye-Waller factors
(100 direction, while the A3 peak consists of paths primarily for each of the two shells are varied, for a total of four
along the(100) direction with X/R=0.72. In contrast, the Vvariables in each fit. Fow-U, the third shell is included to
“B” peaks consist of paths which either have an intermediatéetter fit the destructive interference that occurs riead
component along (the B2 peak hax/R=0.44 or are a =3.5A in the FT. The bond distance and the Debye-Waller
mixture of two types of bonds with different directionality factor for the third shell also are varied, for a total of six
(the bonds in the B4 region include 8 bonds wiiR  variables in each fit for-U. In the thermal analysisS; and
=<0.28 and 8 bonds witiX/R=0.82. The CDW displace- AE, are fixed to the same values as for the high-resolution
ment direction is primarily along th@.00) direction, as isthe fits (§=0.55 and AE,=-18.3 eV for a-Pu; $=0.9 and
soft phonon wave vector. Both the spread in the bond lengthEq=+4.7 eV for a-U). Fixing S and AE, avoids correla-
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tion problems betwee and the Debye-Waller factors?, (a) T=260K ., oPu
as well as betweedAE, and the distanceR. Fixing these S
parameters and therange ensures a meaningful comparison
of values for the distances and Debye-Waller factors at dif-
ferent temperatures in the following thermal Debye analysis.

Figure Ta) shows the filtered PLy,-edge EXAFS data of
the a-Pu sample as a function of temperature from
=10 K to room temperature, along with the best fits to the
EXAFS data. The corresponding FT’s of the data and fits, are
given in Fig. 1b). The overall shape of the-Pu EXAFS FT
are dampened and broadened by Debye-Waller thermal ef-
fects. Similarly, the lower-resolution filtered EXAFS data
over the entire temperature range f@eU in Fig. 8a) are
dampened with increasing temperature, as are the corre-
sponding FT’s of the data in Fig(l®. However, in the case
of a-U, there are significant changes in the FT first shell
peak intensity relative to the FT second shell peak intensity
for T<55 K. Above T=55 K the changes in the FT line-
shape can be explained by normal Debye-Waller thermal ef-
fects, and the first and second shell FT peaks are dampened
and broadened with temperature at a similar rate.

Tables Ill and IV list the best fit results for the bond 4 6 8. 10 12
length and Debye-Waller factor of the innermost neighboring k(A
atomic shells at each temperature éPu anda-U, respec- (b) «-Pu
tively. The bond lengths do not change dramatically for ei- W
ther sample over the temperature range, as expected from the
small thermal expansion coefficients over this temperature
range'® This is consistent with our earlier EXAFS study of
a’-Pu in a mixed-phase Pu-Ga all#.

Figures 9a) and 9b) display the temperature dependence
of the Debye-Waller factors for the first and second shells in
a-Pu anda-U, respectively. The lines are the fits of a corre-
lated Debye modét3"to the Debye-Waller factor data in the
same manner as Refs. 26,30. The correlated Debye model is
an extension of the standard Debye model for EXAFS mea-
surements. The same phonon density of states is used in both
models. However, unlike the Debye-Waller factor in diffrac-
tion measurements, which is proportional to the squared vi-
brational amplitude of an atom about its equilibrium posi-
tion, the EXAFS Debye-Waller factor is proportional to the
squared vibrational amplitude of the distance between two
atoms, each of which are moving about their equilibrium
positions. The EXAFS Debye-Waller factor is therefore the
sum of the Debye-Waller factors of each of the two atoms
about its equilibrium position, plus an interference term due
to the degree of correlation between the motions of the two kG, 7. (a) Fourier-filtered PuL,,-edgek3-weighted transmis-

atoms. If the motion of the pair of atoms is correlated, thesion EXAFS data as a function of temperature. Filtering is over the
bond length variation is less than that expected for uncorrerange Re[1.3 A,4.1 Al. (b) FT's of the EXAFS for thea-Pu
lated motion, and the EXAFS Debye-Waller factor is re-sample as a function of temperature. For each plot, the points are

duced from the individual atom Debye-Waller factor sum.the data, and the solid line is the two-shell it to the data. FT's were
Similarly, anticorrelated motion results in an increased bondaken over thé ranges shown in the upper graph. Note the Debye-
length variation and an increased EXAFS Debye-Waller fac\Waller damping of the EXAFS with increasing temperature.
tor. The correlated Debye model includes phonon effects on
the increase of the EXAFS Debye-Waller factor with tem-the correlated Debye model. However, there is a sharp de-
perature, and accounts for the correlated motion of therease in the Debye-Waller factor of the first shelkebt) as
atomic pair. Unless otherwise noted in this paper, the phrastne temperature is decreased beldow55 K. This behavior
“Debye-Waller factor” refers to an EXAFS Debye-Waller is due to the dramatic increase in the first shell FT peak
factor. magnitude at low temperature, as already seen in the low-
The progression of the Debye-Waller factors for bothtemperature a-U EXAFS data of Fig. 6. The low-
shells ofa-Pu and the second shell atU are fit well with  temperature behavior of the first shalU Debye-Waller fac-
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FIG. 8. (a) Fourier-filtered UL, -edgek®-weighted transmission
EXAFS data as a function of temperature. Filtering is over the
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stant over the temperature range of the anomalous behavior.
Therefore this behavior is attributed to a change in the over-
all structure of the local U environment iU at low tem-
peratures, i.e., the existence of the CDW modulation.

Table V lists the correlated Debye temperatuées for
the first and second shell bonds irPu anda-U phases,
respectively, as determined from the fits of the temperature
dependence of the Debye-Waller factors with the correlated
Debye model.

IV. DISCUSSION
A. a-Pu Correlated Debye temperature

The correlated Debye temperatures from the temperature-
dependent EXAFS data are in good agreement with Debye
temperatures from earlier studies. The first shePu corre-
lated Debye temperatugp(a-Pu)=162+5 K is in excellent
agreement with the value of 159+13 K for the Ga-containing
a'-Pu phase determined in our earlier temperature-dependent
EXAFS study of a 1.9 at Ga-dopeda’-Pu/5-Pu alloy3®
Since the force constant of the bond is proportional to the
square of the Debye temperature, this result indicates that the
strength of the Pu-Pu bond is similardéaPu anda’-Pu, and
therefore is not influenced dramatically by the presence of
Ga in the structure. The correlated Debye temperature of
162+5 K is in the lower end of the range of values reported
for a-Pu (153-200 K, as determined by heat capacity
measurement$4°

B. a-U Correlated Debye temperature

The correlated Debye model is fit to the temperature de-
pendence of the-U EXAFS first shell Debye-Waller factor
only for temperatures abové:py, i.e., for T=55 K. The
resulting first shell EXAFS-U correlated Debye tempera-
ture 6.p(-U)=199+3 K also agrees well with Debye tem-
peratures for polycrystalline-U from heat capacity mea-
surementg170-207 K.19-21.39|n gddition, our second shell
correlated Debye temperature of 195+3 K agrees well with
the first shell correlated Debye temperature.

Interestingly, the Debye temperature appears to be a func-
tion of grain size ina-U. The Debye temperatures deter-
mined from heat capacity measurements for single-crystal
and pseudo-single-crystabh-U are 256+0.25 KR! and
210+4 K19 respectively, while our EXAFS measurements
on polycrystallinea-U result in 6,p(a-U)=199+3 K. The
pseudo-single-crystal sample of Ref. 19 is made up of large
mosaic grains of slightly differing orientations. The increase
in Debye temperature with a larger grain size is attributed to
the removal of constraints on the thermal expansioa-&f
caused by grain boundariéslt is interesting to note that
hile EXAFS probes the local CDW structure within each of

sample as a function of temperature. For each plot, the points ar i h lated b f the bond
the data, and the solid line is the three-shell fit to the data. FT’§ e grains, the correlated Debye temperature of the bonds

: ; ; 192139
were taken over thé ranges shown in the upper graph. Note the Still agrees with that of polycrystalline-U.
damping of the EXAFS with increasing temperature and the differ-

ent thermal behavior of the FT's above and belbwy,,=43 K. C. Modeling the a-U CDW

tor clearly does not follow the correlated Debye model, for We have defineddR(=2¢) as the magnitude of th€00)
which the Debye-Waller factor is expected to be nearly connhear-neighbor bond length shift from its non-CDW value of
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TABLE lll. Temperature-dependent Ry, -edge EXAFS fitting results. EXAFS data were fitted over the
k range[2.7, 13.4 K] by three components: one for nearest neighbor shell and the other two for the second
nearest neighbor shell im-Pu. The coordination numbers were fixed Mdt=4,N,,=4.65, andN,,
=5.35N,,+N,,=10), which is the average value of these coordination numbers in an earlﬁ dnd AE,
were fixed at 0.55 and -18.3 eV, respectively, and the Debye-Waller factors for the compcmanis 2
were set to be equal, i.e5=05,= 0%,

Sample TemfK) Pu-PuR; (A)2 Pu-Puo? (A%2 Pu-PuR,, (A)* Pu-PuRy, (A)2 Pu-Pugj (A?)2

10 2.626 0.004 65 3.268 3.431 0.003 61
20 2.629 0.004 65 3.264 3.429 0.003 84
33 2.621 0.004 33 3.261 3.425 0.003 77
50 2.621 0.004 53 3.264 3.428 0.004 21
80 2.625 0.005 47 3.272 3.434 0.005 11
110 2.622 0.006 34 3.273 3.436 0.006 18
150 2.617 0.007 06 3.289 3.452 0.007 54
200 2.617 0.007 79 3.296 3.462 0.009 58
230 2.621 0.008 72 3.295 3.467 0.009 96
260 2.622 0.009 52 3.286 3.461 0.011 96
aErrors inR and o2 are estimated to be +0.005 A and +10% based on EXAFS fits of model compounds; cf.

Ref. 32.

2.84 A, i.e. CDW bonds are shifted to 2.84R and 2.84 s close to 2.73 A. For values &R less than 0.07 A, the
—-AR in the square-wave CDW model. Fits to the11l K  Debye-Waller factor of the CDW bonds is increased to large
data with a square-wave CDW model over a rangeABf  values (>0.024 &) indicating little contribution from the
values from 0 to 0.20 A gave the best fits with physically CDW component. This is due to the large negative interfer-
meaningful Debye-Waller factors with the bond length shiftsence between the 2.73 A EXAFS component and EXAFS
of AR=0.07-0.12 A. Note that the spread in bond lengths oicomponents in the vicinity of 2.84 A. From the values of
the first subshells is &R, which is larger than the experi- AR=0.07-0.12 A for the best fits to th@=11 K a-U
mental resolution~0.09 A). The two non-CDW bonds at EXAFS data, we derive a magnitude of a square wave CDW
2.73 A cannot account for enough intensity to be the entiralisplacement 0=AR/2=0.05+0.02 A. This result is simi-
contribution to the first shell FT peak, and an additionallar to the value ot =0.053+0.001 A reported in earlier dif-
CDW short bond contributes best to this peak when its lengtliraction papers by Marmeg§ialthough in later paperswas

TABLE |V. Temperature-dependent L, -edge EXAFS fitting results. EXAFS data were fitted over the
k range[2.7, 14.8 A1) by three components for the first three nearest neighbor shelisunThe coordi-
nation numbers were fixed at;=2,N,=8, and N;=4. % and AE, were fixed at 0.9 and +4.8 eV,
respectively.

Sample TempK) U-U R, (A)2 U-U o7 (A%)2 U-U R, (A)2 U-U 03 (A2)2 U-U R; (A)2 U-U 3 (A?)?

11 2.725 0.000 78 3.277 0.003 36 3.929 0.003 86
25 2.726 0.000 91 3.277 0.00341 3.929 0.003 92
35 2.729 0.001 35 3.277 0.003 47 3.929 0.003 85
40 2.731 0.001 54 3.278 0.003 49 3.931 0.003 93
45 2.733 0.001 79 3.277 0.003 48 3.930 0.004 08
55 2.735 0.002 01 3.277 0.003 60 3.928 0.004 20
75 2.737 0.002 32 3.278 0.003 85 3.928 0.004 79
100 2.735 0.002 68 3.279 0.004 25 3.929 0.005 25
130 2.733 0.003 01 3.280 0.004 79 3.932 0.006 00
165 2.732 0.003 49 3.281 0.005 44 3.937 0.007 23
200 2.730 0.004 10 3.282 0.006 19 3.939 0.008 17
250 2.730 0.004 90 3.283 0.007 25 3.941 0.009 78
293 2.730 0.005 69 3.283 0.008 30 3.945 0.011 22
aErrors inR and ¢? are estimated to be +0.005 A and +10% based on EXAFS fits of model compounds; cf.
Ref. 32.
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TABLE V. Correlated Debye temperaturés, in Kelvin for the
Pu-Pu and U-U bonds im-Pu anda-U phases, respectively, as
determined from the fit results in Tables Il and IV. Results are
presented for both the first and second nearest neighbor shells. The
correlated Debye model was fit to the Debye-Waller factors for the
a-U first shell only for temperatures aboVgpy =45 K. The entire
temperature range was used for the fit to &) second shell
Debye-Waller factors, and for the fits to bothPu shell Debye-
Waller factors.

2" shell
0, = 147 K

o-Pu

1% shell Phase  First sheli.p (K) Second shelb.p (K)

B, =162 K

162+5 K
199+3 K (T=55 K only)

147+4 K
195+3 K (entire T range

a-Pu
a-U

Pu-Pu Debye-Waller Factor o (A°)

models to the temperature-dependent EXAFS data series. In
T the first model, the low-temperatuteU series was fit again
with the assumption that the Debye-Waller factor of the
bonds is constant at the value determined from a fit to the
T=55 K data (0% 55x=0.00207 X) and the number of
bonds atR=2.73 A varies with temperature. For a normal
Debye temperature dependence, the Debye-Waller factor
should be nearly constant at these low temperatures. At and
below T=25 K, the coordination number of 2.93+0.05 is
consistent with 3.0, the value expected for the square-wave
CDW state. Abovel=25 K, the coordination number drops
linearly to 2.0 atT=55 K (which is its defined value at this
temperaturg For T=55 K, it is assumed that the CDW
structure no longer exists and the coordination numbét at
=2.73 A remains at 2.0, the value for the unmodulaied
structure. The low-temperature coordination number of 3.0
would correspond to a splitting of the 2.84 A bonds along
(100) equally into one bond at 2.73 A and one at 2.95 A in a
square-wave modulation. Then the FT pealRat2.73 A is
composed of the two 2.73 A bonds in tk&00) plane per-
pendicular to thg100) direction and one CDW-modulated
bond along100) at 2.84 A-2=2.73 A. A sine-wave modu-
lation or phase-slipped sine-wave modulation in displace-
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ments would have contributions at a bond length ranging
from 2.85 A-2% to 2.85 A+2 which would result in less
than one atom per unit cell contributing R=2.73 A on

0 50 100 150 200 250 300
Temperature

average in thg€100 direction. This would result in a fit to
the EXAFS data FT with less magnitude in the first peak,
which is in disagreement with the data.

FIG. 9. (a) Plot of the Debye-Waller factor versus temperature I_n addition, the Coordln_atlon number_ remams above 2.80
for the first and second shell Pu-Pu bondsxfu. (b) Plot of the until abqng=25 K, when it drops off quickly with tempera-
Debye-Waller factor versus temperature for the first and secon{re until it reaches the unmodulated value Of, 2.0 abpve
shell U-U bonds ina-U as determined from fits to the Pu and U Tcow=43 K. The start of the sharper decrease in coordina-
Ly-edge EXAFS data. The data are plotted along with fits generlion number is at a temperature similar to the lock-in tem-
ated using the correlated Debye model. Fordke first shell, there ~ Perature of the CDW reciprocal lattice vector,
is a sharp discontinuity in the slope of the Debye-Waller factor with Tiock-in=22 K.**4These results suggest that the squaring of
temperature near the CDW transition temperafigg,. The corre-  the displacement wave decreases with temperatureT for
lated Debye model is only fit to points for temperatufies Tepyw > Tiock-ine @Nd the CDW disappears abovVgpyy.
for the a-U first shell. Since the coordination numbers and Debye-Waller factors

are highly correlated variables in any fit of EXAFS ampli-
reported to be half of this valué-151t may be necessary to tudes, it is appropriate to look at the fitting of the CDW
revisit the diffraction analyses and see which value is correcthermal behavior in another way by instead fixing the coor-

In order to explore what the EXAFS data can tell us aboutination number and varying the Debye-Waller factor. An-
the CDW-modulateda-U phase, we apply two different other approach to quantifying the properties of the CDW
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with the EXAFS data is to split the FT peak at 2.73 A into (100) direction. The condensation of the soft optical phonon
two contributions—two unmodulated bonds in tk#00  along (100) into the CDW forT<Tcpw iS consistent with
plane and one bond alor{@00) with its bond length modu- these EXAFS results.

lated from 2.84 A to 2.73 A. The corresponding CDW-

lengthened bond alond@ 00 with R=2.95 A is also included

in the fit, and its Debye-Waller factor is set equal to that of D. Coherence length of the CDW

the R=2.73 A CDW bond. The Debye-Waller factors of the

CDW bonds are set equal and allowed to vary. The Debye- Due to the anisotropic local bond length distribution in
Waller factor of the 2.73 A non-CDW bonds in tH&00) a-U, we have been able to observe the structure of the CDW

plane is set to the limiting value of the correlated DebyelN @ Polycrystallinen-U sample using temperature-dependent
model fit atT=0 K(o%,=0.001 82 A. This assumption is EXAFS. Previous structural observations of the CDWi

supported by the correlated Debye behavior and first sheffave used single-crystal specimens driy: Applying the
correlated Debye temperature @f,(«-U)=199+3 K for the Scherrer equation to the peak W|dth§ in th'e X'RD profile of
EXAFS aboveTepy Seen in Fig. ), for which the only our a-U sample, the_average crystallite grain size was found
bonds of length 2.73 A are the bonds perpendicula @) to be 70+10 nm. This value sets an upper limit on the length
in unmodulateda-U. With this model, the temperature de- scale required to stabilize the charge density wave within an
pendence of the Debye-Waller factor of the CDW bonds
along (100 is very steep. The correlated Debye model is fit
to the temperature dependence of the CDW bond Debye-
Waller factor, with a resulting correlated Debye temperature V. CONCLUSION
of 615 K, much lower than the 199+3 K measured for the
2.73 A bonds at higher temperatures. The lower correlated The EXAFS of the low-symmetry--Pu anda-U phases
Debye temperature should not be taken quantitatively butvere measured over a range of temperatures erh0 K to
rather as an indicator of the softness of the bonds along thewom temperature. This study represents the first EXAFS
(100 due to the soft phonon. Since the force consfarof ~ measurement of the-U phase, while ther-Pu EXAFS are a
the bond vibration is related to the square of the correlategignificant improvement in resolution compared to the previ-
Debye temperaturdg> 625, this suggests that the force con- ous EXAFS resulf? In a-Pu, destructive and constructive
stants of the CDW-modulated bonds are approximately afeXAFS interferences, respectively, are observed between the
order of magnitude weaker than those of the nonmodulategubshells in the first and second nearest neighbor shells. In
bonds. a-U, however, the expected destructive interference in the
For temperature=55 K and above, where the structure first shell between bonds at 2.73 A and 2.84 A is not ob-
should be unmodulated-U, a peak atR=2.84 A is ex- served, and at the lowest temperatu(@ss Tcpyw =43 K),
pected. However, placing a component at this bond lengtthe amplitude of the first shell EXAFS FT peak is increased
significantly worsens the fits to the EXAFS data at theseabove that expected for the unmodulated) structure. The
temperatures. This suggests that the amplitude of Rhe amplitude of this FT peak decreases rapidly with temperature
=2.84 A bonds’ contribution to the EXAFS is very low at relative to the other FT peaks far<55 K. In addition, at
and abover=55 K. Since the unmodulategtU structure is T=55 K and above, the expected unmodulatet! bonds
known, the reduced amplitude must be due to a high Debyealong (100 with length 2.84 A do not contribute to the
Waller factor for the 2.84 A bonds at these temperaturesEXAFS. These anomalies between the measured and pre-
Such a high Debye-Waller factor is unusual at these temperalicted EXAFS are explained by the existence of the CDW, as
tures but may be possible due to the very soft phonon behawell as the softness of the phonon along ¢he0) direction.
ior along (100, which is the direction of theR=2.84 A The temperature dependence of the first-shell EXAFS
bond. Along with the CDW modeling of the EXAFS de- Debye-Waller factor is fit well by a correlated Debye model
scribed above, this suggests that the CDW component of thever all temperatures for-Pu, and for temperature$
EXAFS damps out very quickly with temperature. The rapid> Tcpw for a-U. The measured correlated Debye tempera-
increase of the bond vibrational amplitude with temperaturdures of 6.p(a-Pu=162+5 K and 6p(a-U)=199+3 K
is related to the unusual softening of tpe:(0.5,0,0 phonon  agree well with earlier values determined from heat capacity
frequency ina-U at lower temperatures, as well as the nor-measurements. BeloWpy, the Debye-Waller factor of the
mal increase in vibration amplitude with temperature. Corre-w-U first shell drops rapidly. In addition, different peaks in
lated “optical” motion also tends to increase thethe a-U EXAFS FT behave very differently with tempera-
EXAFS Debye-Waller factor relative to the XRD or neutron ture, indicating softer thermal behavior of bonds along the
diffraction Debye-Waller factor, since the EXAFS Debye- (100) direction. This behavior is attributed to the formation
Waller factor measures the spread in the bond length distrief the CDW along(100). Modeling the bond length distribu-
bution while the diffraction Debye-Waller factor measurestion due to the CDW displacement wave suggests a partially
the distribution in individual atom positions. squared CDW with a displacement wave amplitudeesof
The temperature-dependent EXAFS data below,, are  =0.05+0.02 A. A pure sine wave CDW does not produce
consistent with a square-wave CDW alofi§0) whose con- enough amplitude at the shortest bond len@tv3 A) to
tribution to the EXAFS is rapidly damped with a temperaturesatisfactorily reproduce the data at the lowest temperatures.
due to the increase in optical vibrational motion along theThe CDW bond contribution is seen to decay rapidly with

a-U patrticle.
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temperature, in agreement with the interpretation of thébetween single-crystal and polycrystalline samples could be
CDW as the condensation of the soft phonon mode. To ouobserved.
knowledge, our observation of the structure of the CDW in

a-U is the first for a polycrystalline--U sample, and sets a ACKNOWLEDGMENTS
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